Best vitelliform macular dystrophy is an inherited autosomal dominant, juvenile onset form of macular degeneration caused by mutations in a chloride ion channel, human bestrophin-1 (hBest1). Mutations in Best1 have also been linked to several other forms of retinopathy. In addition to mutations, hBest1 dysfunction might come about by disruption of other processes that regulate Best1 function. Here we show that hBest1 chloride channel activity is regulated by ceramide and phosphorylation. We have identified a protein kinase C (PKC) phosphorylation site (serine 358) in hBest1 that is important for sustained channel function. Channel activity is maintained by PKC activators, protein phosphatase inhibitors, or pseudo-phosphorylation by substitution of glutamic acid for serine 358. When ceramide levels are elevated by exogenous addition of ceramide to the bath, by addition of bacterial sphingomyelinase, or by hypertonic stress, S358 is rapidly dephosphorylated. The dephosphorylation is mediated by protein phosphatase 2A. Hypertonic stress-induced dephosphorylation is blocked by a dihydroceramide, an inactive form of ceramide, and manumycin, an inhibitor of neutral sphingomyelinase. Our results support a model in which ceramide accumulation during early stages of retinopathy inhibits hBest1 function, leading to abnormal fluid transport across the retina, and enhanced inflammation.
Age-related macular degeneration (AMD) accounts for more than half of all vision loss in the white population (Congdon et al. 2004) . Although the mechanisms underlying the disease remain unknown, oxidative stress and chronic inflammation contribute significantly to its pathogenesis (Boekhoorn et al. 2007 ). There are several kinds of inherited macular dystrophies that promise to provide insights into pathogenic processes contributing to macular degeneration (Patel et al. 2008) . Best vitelliform macular dystrophy (BVMD) is an inherited autosomal dominant, juvenile onset form of macular degeneration caused by mutations in an anion channel, human bestrophin-1 (hBest1) (Marquardt et al. 1998; Petrukhin et al. 1998) . Mutations in Best1 have also been linked to several other forms of retinopathy including adult onset macular dystrophy (Seddon et al. 2001) , autosomal dominant vitreochoidopathy (Yardley et al. 2004) , autosomal recessive bestrophinopathy (Burgess et al. 2008) , and canine multifocal retinopathy (Guziewicz et al. 2007) . BVMD is clinically defined by an abnormal light peak (LP) to dark trough ratio (Arden ratio < 1.5) in the electrooculogram (Arden, 1962; Cross & Bard, 1974) . The diminished LP is believed to be caused by a defective Ca 2+ activated Cl − channel in the basolateral membrane of the retinal pigment epithelium (RPE) (Gallemore et al. 1997 Hughes et al. 1998) , where hBest1 is expressed (Petrukhin et al. 1998; Marmorstein et al. 2000) .
The mechanisms of hBest1 regulation are poorly understood. hBest1 is activated by intracellular Ca 2+ (Sun et al. 2002; Tsunenari et al. 2003; Yu et al. 2006 Yu et al. , 2007 Xiao et al. 2008) , which binds to an EF hand-like structure in the C-terminus . In addition to being activated by Ca 2+ , bestrophins can be regulated by cell volume (Fischmeister & Hartzell, 2005; Chien & Hartzell, 2007 . The volume regulated chloride current in Drosophila S2 cells is knocked down by dBest1 siRNA, and rescued by transfection with both wild-type dBest1 and a mutant dBest1 with altered ion permeability (Chien & Hartzell, 2007 . This strongly supports the idea that the native volume-regulated anion channel in S2 (Milenkovic et al. 2007) . Open (acidic): acidic domain. Black (EF1): EF1 domain, critical for Ca 2+ binding. Open: a region identified to be responsible for channel rundown (amino acids 350-390) . S358 is indicated by a black line. An SH 3 -binding domain between EF1 and S358 was identified by Yu et al. 2008 . B, D and F, time course of typical currents of wild-type (B), 390X mutant (D) and S358E and S358A mutants (F). Voltage ramps from −100 mV to +100 mV were given from a holding potential of 0 mV at 10 s intervals. The currents at +100 mV (filled symbols) were normalized to the peak current. B, wild-type hBest1 currents recorded in the presence of ATP (circles), cells is dBest1. In addition, hBest1, as well as mBest2, currents expressed in HEK, HeLa and ARPE-19 cell lines are inhibited by hyperosmotic solutions (Fischmeister & Hartzell, 2005) . The mechanisms underlying regulation of ion channels by the cell volume are complex; multiple signalling pathways including phosphorylation of ion channels and transporters have been implicated (Lang et al. 1998) .
Though hBest1 has been reported to incorporate 32 P and coimmunoprecipitate with protein phosphatase 2A (PP2A) (Marmorstein et al. 2002) , the location of the potential phosphorylation site(s), the kinase(s) that phosphorylate hBest1, and the role phosphorylation plays in hBest1 channel regulation are not known. Recently, we identified a Ca 2+ binding site and a region in the hBest1 C-terminus that is critical for regulation of channel rundown ). Here we have identified a protein kinase C (PKC) phosphorylation site (serine 358) in this region of the hBest1 C-terminus that is important for sustained channel function. We show that hBest1 chloride channel activity is regulated by phosphorylation of this site by ceramide, a lipid signalling molecule that is implicated in photoreceptor apoptosis during several kinds of retinopathy including macular degeneration, diabetic retinopathy, and retinal detachment (Fox et al. 2006; Acharya et al. 2008; Yamada et al. 2008; Ranty et al. 2009 ). Hypertonic stress-induced dephosphorylation is blocked by a dihydroceramide, an inactive form of ceramide, and manumycin, an inhibitor of neutral sphingomyelinase. Our results support a model in which ceramide accumulation during early stages of retinopathy inhibits hBest1 function leading to abnormal fluid transport across the retina.
Methods

Constructs and molecular biology
hBest1 tagged with the myc epitope at the C-terminus in pRK5 was obtained from Dr Jeremy Nathans (Johns Hopkins University) (Sun et al. 2002) . Site-specific mutations were generated using PCR-based mutagenesis (Quickchanger; Stratagene) . All constructs were confirmed by sequencing.
no ATP (squares), and AMP-PNP (triangles). D, 390X mutant currents recorded in the presence of ATP (circles), and no ATP (squares). The 390X mutant was made by introducing stop codon at amino acid 390. F, S358E mutant (squares) and S358A mutant (circles) currents recorded in the presence of ATP (filled symbols) and no ATP (open symbols). C, E and G, average values of effects of ATP on channel rundown of wild-type hBest1 (C, n = 8-12), 390X mutant (E, n = 5-6) and S358E and S358A mutants (G, n = 4-7). The rundown was measured by the ratio of amplitudes of the current 5 min after peak current to the amplitudes at the peak. * P < 0.05 versus no ATP by one-way ANOVA.
Cell culture and transfection
HEK cells were cultured as described previously Xiao et al. 2008 Electrode resistances were typically 2-3 M in the bath solution. Voltage ramps from −100 mV to +100 mV with a duration of 750 ms were given from a holding potential of 0 mV at 10 s interval. Data analyses were done with Clampfit 9 (Molecular Devices) and Origin 7 (OriginLab Corp., Northampton, MA, USA) software. All averaged data are presented as the mean ± S.E.M. Statistical significance of differences (defined as P < 0.05) between groups was determined by one-way ANOVA as indicated.
In vitro phosphorylation
An hBest1 fusion protein was constructed by amplifying the nucleotides encoding amino acids 289-585 of hBest1 by PCR with Pfu polymerase and subcloning the resulting • C for 30 min, spotted onto P81 phosphocellulose paper, washed 3 times with large volumes of 1% phosphoric acid, and then transferred to scintillation tube.
32 P incorporation was determined by scintillation counting. All reagents were from Sigma-Aldrich except BIM and manumycin A, which were from Calbiochem.
Results
Phosphorylation of hBest1 by PKC slows channel rundown
We have previously shown that rundown of hBest1 current in whole cell recording is dependent on cytosolic [Ca 2+ ] . Because hBest1 is phosphorylated and co-immunoprecipitates with protein phosphatase 2A (PP2A) (Marmorstein et al. 2002) , we hypothesized that hBest1 might be regulated by phosphorylation. Therefore, in the present series of experiments we used 11 μM free Ca 2+ in the pipettete to maximize current rundown and tested whether rundown was affected by conditions that stimulated or suppressed phosphorylation. Figure 1B and C shows that rundown was slowed significantly when ATP was included in the intracellular solution. AMP-PNP had no effect on rundown, suggesting that ATP promoted channel activity by a mechanism involving phosphorylation. We also found that ATP slowed the rundown of the hBest1 truncated at residue 390 (390X mutant, Fig. 1D and E). The 390X mutant included the region previously identified as being responsible for channel rundown (amino acids 350-390) (Fig. 1A ), suggesting that a potential phosphorylation site critical for regulation of channel rundown may be located here. There is a PKC and/or PKA consensus site ( 355 RRAS 358 ) (www.scansite.com) in this region. To test whether phosphorylation of this residue was important for rundown, we mutated S358 to E to mimic phosphorylation, and to A to mimic dephosphorylation. Current amplitudes were similar for wild-type, S358E, and S358A mutants. Figure 1F and G shows that the S358E mutant abolished rundown, whereas the S358A mutant ran down at about the same rate as wild-type in the absence of ATP. Both S358E and S358A mutants abolished the effect of ATP on channel rundown (Fig. 1F and G) , suggesting the S358 is the potential phosphorylation site responsible for channel rundown. All experiments described below use ATP in the patch pipette.
To test whether phosphorylation by PKC regulates rundown, we treated cells with a PKC activator and an inhibitor. Pre-incubation with the protein kinase C activator, phorbol 12-myristate 13-acetate (PMA), greatly attenuated rundown, whereas the PKC inhibitor bisindolylmaleimide (BIM) caused a rapid decrease in current ( Fig. 2A and B) . Pre-incubation with a specific PKC inhibitor, myristoylated PKC peptide substrate, significantly increased channel rundown (Fig. 2B ), suggesting that a PKC phosphorylation site is important for channel rundown. The S358A mutant abolished the effect of PMA (Fig. 2B ) and the PKC inhibitor BIM had no effect on the current induced by the S358E mutation ( Fig. 2C and D) , suggesting S358 is the PKC phosphorylation site. To test whether S358 can be phosphorylated by PKA, we treated the cells with 5 μM forskolin in the bath solution and 100 μM cAMP in the patch pipette (Fig. 2E) . However, neither drug had an effect on wild-type currents, suggesting S358 is not a PKA phosphorylation site. cAMP also had no effect on S358A mutant, suggesting that PKC phosphorylation of S358 is sufficient to explain channel rundown.
In order to further test whether PKC can directly phosphorylate S358, we examined the phosphorylation of purified wild-type and S358E mutant hBest1 C terminal fragments with PKC in vitro. Figure 3A and B shows that phosphorylation of hBest1 by PKC was linear with protein concentration, and S358E mutation blocked the phosphorylation ∼50%, suggesting that S358 can be directly phosphorylated by PKC. However, these data also suggest that there is another PKC phosphorylation site within the C terminus, but because S358 explains channel rundown, we have not tried to identify this other site.
Dephosphorylation of hBest1 by PP2A accelerates channel rundown
Since hBest1 has been demonstrated to bind to PP2A (Marmorstein et al. 2002) , we examined the effects of protein phosphatase inhibitors on hBest1 current rundown. Pre-incubation with the protein phosphatase inhibitors okadaic acid and calyculin-A slowed rundown significantly ( Fig. 4A and C) . Pre-incubation with concentrations of okadaic acid > 200 nM completely abolished rundown. It was even possible to reverse rundown when okadaic acid or calyculin were applied shortly after establishing whole cell recording (Fig. 4B ). Although these data establish the involvement of a Figure 2 . Phosphorylation of S358 by PKC reduced channel rundown A, time course of wild-type hBest1 currents recorded from HEK cells pretreated with 100 nM PMA for 2-5 min (circles) or untreated (squares). BIM at 1 μM was applied at the end of recording as indicated by the arrow. B, effect of PMA and myristoylated PKC peptide inhibitor on channel rundown of wild-type and S358A mutant (n = 5-12 cells; * P < 0.05 versus wild-type control; #P < 0.05 versus wild-type with PMA pretreatment by one-way ANOVA). C, time course of S358E mutant current recorded in the presence of 1 μM BIM indicated by the arrow. D, effect of BIM on wild-type and S355E mutant currents. Inhibition was measured as the percentage of the current amplitude 2 min after application of BIM to the amplitude just before BIM application (n = 5-6 cells; * P < 0.05 versus wild-type by one-way ANOVA). E, effects of forskolin and cAMP on channel rundown. Forskolin at 5 μM was applied in the bath solution and 100 μM cAMP was applied in the path pipette (n = 5-13 cells). Channel rundown (B, E and F) was measured as described in Fig. 1 . J Physiol 587.18 protein phosphatase in channel rundown, they do not unambiguously show that this phosphatase is PP2A because the concentrations of OA and calyculin required were higher than required to inhibit PP2A. However, because, like Marmorstein et al. (2002) , we can co-immunoprecipitate PP2A with hBest1 (data not shown), we believe the phosphatase is PP2A. The S358A mutation abolished the effect of OA (Fig. 4C) , suggesting that PP2A dephosphorylates hBest1 at S358. To further test whether PP2A affected hBest1 channel rundown at other phosphorylation sites, we used the 390X mutation, which deleted any potential phosphorylation sites beyond position 390. Pre-incubation of calyculin-A significantly reduced channel rundown of 390X mutation (Fig. 4D) . We further made a S358E/390X mutation, which completely abolished channel rundown, suggesting that S358 is sufficient for regulation of channel rundown. 
Hypertonic stress inhibits hBest1 through dephosphorylation of S358
Previous studies showed that hypertonic solutions inhibited hBest1 currents expressed in HEK, HeLa, and ARPE-19 cell lines (Fischmeister & Hartzell, 2005) . Consistent with previous studies, hypertonic solutions caused a 50% inhibition of hBest1 current within 2-5 min ( Fig. 5A and C) . The time course of current inhibition was similar to current rundown in the absence of ATP, but considerably faster than rundown in the presence of ATP, suggesting hypertonic solution may accelerate channel rundown by increasing dephosphorylation of S358. Pretreatment of cells with the PKC activator PMA and PP2A inhibitor OA significantly reduced the inhibition of hBest1 current by hypertonic solution (Fig. 5A and C) . The S358E mutant completely abolished this hypertonic inhibition ( Fig. 5B and C) , suggesting that hypertonic solution inhibited hBest1 currents by dephosphorylating S358.
Hypertonic stress activates neutral sphingomyelinase
PP2A has been reported to be activated by ceramide (Dobrowsky et al. 1993 ), a lipid second messenger involved in regulation of many cellular responses to external stimuli (Kolesnick & Kronke, 1998; Ruvolo, 2001 ). We hypothesized that hypertonic inhibition of hBest1 currents is mediated by ceramide. C2-ceramide inhibited hBest1 current similarly to the hypertonic solution, and PP2A inhibitor OA and the S358E mutation blocked this effect (Fig. 6A and B) . This suggested that hypertonic stress may release ceramide to activate PP2A and dephosphorylate hBest1. Dihydroceramide, an inactive form of C2 ceramide, had no effect on channel rundown, but it blocked the inhibitory effect of ceramide when added together with ceramide (Fig. 6B) . The effect of hypertonic solution occurred within minutes, suggesting that the hypertonic stress may activate sphingomyelinase to release ceramide. We used a bacterial sphingomyelinase (bSMase) to treat the HEK cells to mimic the effect of hypertonic solution. bSMase (500 mU ml −1 ) significantly inhibited hBest1 currents, similar to the hypertonic solution. Dihydroceramide blocked this inhibitory effect of bSMase. We then used a neutral sphingomyelinase inhibitor to test whether sphingomyelinase is involved in hypertonic inhibition of hBest1 currents. Pretreatment of cells with neutral sphingomyelinase inhibitor, manumycin A, for 0.5-1 h significantly blocked the effect of hypertonic stress (Fig. 6D) , suggesting that hypertonic stress activated neutral sphingomyelinase. Furthermore, dihydroceramide also blocked the effects of hypertonic stress (Fig. 6D) , further confirming that ceramide mediates the hypertonic inhibition of hBest1. 
Discussion
We have identified a PKC phosphorylation site (S358) located in the C terminal region of hBest1 critical for channel rundown . Phosphorylation of this site by PKC activators and PP2A inhibitors reduces channel rundown. In addition, hBest1 channel rundown is accelerated by hypertonic stress, which can be blocked by a PKC activator and PP2A inhibitor, as well as the phosphorylation-mimicking S358E mutation. Ceramide, a PP2A activator, as well as a bacterial sphingomyelinase, mimics the effect of hypertonic stress, and a neutral sphingomyelinase inhibitor blocks the effect of hypertonic stress, suggesting that hypertonic stress activates neutral sphingomyelinase to release ceramide.
Phosphorylation at S358 regulates channel rundown
hBest1 can be phosphorylated when transfected into RPE-J cells, and the phosphorylation can be enhanced by a PP2A inhibitor (Marmorstein et al. 2002) . Coimmunoprecipitation of PP2A with hBest1 from human RPE cells further suggests that phosphorylation may play an important role in regulation of hBest1 (Marmorstein et al. 2002) . However, the location of 
Figure 5. Hypertonic solutions inhibited hBest1 currents through dephosphorylation of S358
A, effects of hypertonic solutions (1.2 T, 365 mosmol l −1 ) on wild-type hBest1 currents recorded from control cell (squares), cell pretreated with 1 μM PMA (circles) or 1 μM okadaic acid (triangles). B, hypertonic solution had no effect on the current induced by S358E mutation. Hypertonic solution was applied when current reached peak amplitude as indicated by the arrow (A and B) . C, effects of OA, PMA and S358E mutation on hypertonic inhibition of hBest1 currents. The channel rundown was measured as ratio of amplitudes of the current 2 min (open columns) or 5 min (filled columns) after hypotonic solution was applied at the peak to the amplitudes at the peak (n = 5-10 cells; * P < 0.05 versus wild-type control).
the potential phosphorylation site(s) and the role of phosphorylation on channel regulation are unknown. There are phosphorylation sites in the C-terminus (www.scansite.com) for PKA/PKC (for example S358 and T536; Hartzell et al. 2008) . S358 attracted our attention because it is located in a region (amino acids 350-390) previously identified as being responsible for channel rundown . The amino acid sequence ( 355 RRASFMGST 363 ) is a PKC phosphorylation consensus motif (R/K 1−3 -X-S/T-X +1 , where X is an uncharged amino acid and X +1 is a hydrophobic amino acid) (Aitken, 1999) . The S358E mutation reduces 32 P incorporation into the C-terminus by 50%, suggesting that another PKC phosphorylation site exists, at least in vitro. However, we see no evidence for a functional effect of this phosphorylation site because deletion of the C terminus beyond amino acid 390 does not have any effect on channel activity ( Fig. 1D and E) and the S358E/390X mutation completely abolishes channel rundown (Fig. 4D) . Thus, we have not further pursued the identity of this phosphorylation site, though we speculate the T536 may be the candidate. Since forskolin and cAMP do not alter hBest1 rundown, S358 does not appear to be a PKA phosphorylation site. This is curious because S358 does have the necessary determinants to be a PKA site. Thus, phosphorylation at S358 by PKC is critical in regulation of channel rundown.
S358 is located in a highly conserved region, which was previously identified as an important domain regulating bestrophin channel function Xiao et al. 2008) . Although S358 is conserved, the PKC recognition site is not conserved among bestrophins. For example, the arginines (R355 and R356 in hBest1), which are important for PKC recognition (Aitken, 1999) , are missing in other bestrophins. Thus, this PKC phosphorylation site in hBest1 may not exist in other bestrophins. However, it is possible that this serine in other bestrophins can be phosphorylated by other kinases, which have not been identified yet.
Physiological functions of phosphorylation
The characteristic feature of BVMD is the diminished light peak in the electrooculogram (Arden, 1962; Cross & Bard, 1974) . The light peak is thought to be caused by depolarization of basolateral membrane of RPE cells produced by a diffusible 'light peak substance' (LPS) released from photoreceptors when stimulated by light (Linsenmeier & Steinberg, 1982; Gallemore et al. 1988 ). The depolarization is generated by activation of a Ca 2+ -activated Cl − channel (Gallemore et al. 1997 Hughes et al. 1998) . Though the identity of the LPS remains unknown, ATP is a favoured candidate because it mimics the LP (Peterson WM et al. 1997; Strauss, 2005; Hartzell et al. 2008) . It is thought that ATP released from photoreceptors acts on a G q protein coupled receptor on the RPE cells to increase intracellular Ca 2+ , which activates a Ca 2+ -activated Cl − channel at the basolateral membrane . Since hBest1is located in the RPE basolateral membrane (Petrukhin et al. 1998; Marmorstein et al. 2000) , it has been suggested that bestrophin is the Ca 2+ -activated Cl − channel ). In such a scenario, activation of G q -coupled receptors would activate PLC. The resulting second messengers, IP 3 , which mobilizes Ca 2+ stores, and DAG, which activates PKC, could both serve to regulate hBest1 and the LP. The light peak signal could be terminated by dephosphorylation of hBest1 by PP2A. When PKC activity is decreased due to less released LPS in the dark, PP2A could dephosphorylate hBest1 to terminate the LP signal.
This scheme is hypothetical and there are a number of questions that need to be answered. First, the relationship Figure 6 . Ceramide mediates hypertonic inhibition of hBest1 currents A, effects of ceramide on wild-type hBest1 currents recorded from control cells (squares), cells pretreated with 1 μM okadaic acid (circles), and cells transfected with S358E mutant (triangles). C2-ceramide at 10 μM was applied when currents reached peak as indicated by the arrow. B, ceramide inhibited hBest1 currents through dephosphorylation of S358. C2-ceramide (Cer) at 10 μM, 10 μM dihydroceramide (DHCer), 10 μM C2-ceramide plus 10 μM dihydroceramide together (Cer+DHCer), 10 μM C2-ceramide and 1 μM OA together, or vehicle control (0.2% dimethyl sulphoxide (DMSO)) was applied when currents reached peak amplitudes as in A. The channel rundown was measured as ratio of amplitudes of the current 2 min (open columns) or 5 min (filled columns) after drugs were applied at the peak to the amplitudes at the peak (n = 5-9 cells; * P < 0.05 versus vehicle control; #P < 0.05 versus wild-type currents treated with ceramide only). C, effects of bacterial sphingomyelinase (bSMase) on wild-type hBest1 channel rundown. bSMase at 200 mU ml −1 , 500 mU ml −1 bSMase, and 500 mU ml −1 bSMase and 10 μM dihydroceramide together were applied when currents reached peak amplitudes as described in A. The channel rundown was measured as described in B (n = 6-9 cells. * P < 0.05 versus control; #P < 0.05 versus 500 mU ml −1 bSMase only). D, blockade of hypertonic inhibition of hBest1 currents by manumycin A and dihydroceramide. Cells were pretreated with 36 μM manumycin for 0.5-1 h, or with 10 μM dihydroceramide for 5-10 min. Hypertonic solutions containing 36 μM manumycin or 10 μM dihydroceramide were applied when currents reached peak amplitudes as described in A. The channel rundown was measured as described in B. n = 6-10. * P < 0.05 versus control. J Physiol 587.18 of hBest1 current rundown in a heterologous expression system to the LP and physiology of the retina remains to be established. Furthermore, the identity of the channel responsible for the LP has been brought into question. This challenge largely comes from mBest1 knockout mice, which have a normal LP and Ca 2+ -activated Cl − current (Marmorstein et al. 2006) . However, mBest1 knockout mice may not be a good model for BVMD because they have no obvious ocular pathology (Marmorstein et al. 2006) . It seems there is another Ca 2+ -activated Cl − channel in mouse RPE cells which may be responsible for the LP. A newly discovered Ca 2+ -activated Cl − channel (TMEM16A) (Caputo et al. 2008; Schroeder et al. 2008; Yang et al. 2008; Hartzell et al. 2009 ) seems a candidate. Furthermore, the LP is abolished in mice with the voltage-gated Ca 2+ channel subunits β4 (Marmorstein et al. 2006 ) and α1.3 (Wu et al. 2007 ) knocked out, suggesting that voltage gated Ca 2+ channels are important for the LP. The finding that hBest1 but not mBest1 can regulate Ca 2+ channels further suggests that mBest1 does not function like hBest1 . Furthermore, it is unclear how activation of Ca 2+ channels is responsible for activation of Ca 2+ -activated chloride currents in mouse RPE cells.
Regulation of hBest1 by hypertonic stress
We have previously found that hBest1 can be inhibited by hypertonic solution (Fischmeister & Hartzell, 2005) . However, the mechanisms underlying this inhibition are unknown. The fact that rundown is accelerated by hypertonic solution as well as dephosphorylation suggests that hypertonic inhibition of hBest1 current is mediated by dephosphorylation of S358. In agreement with this idea, ceramide, a PP2A activator, mimics, and an inactive form of ceramide, dihydroceramide, blocks, the inhibition of hBest1 by hypertonic solution. Therefore, ceramide mediates the hypertonic inhibition of hBest1 currents.
Ceramide has been recognized as a second messenger mediating several cellular responses to stress stimuli including cytokines, oxidative stress, radiation, chemotherapeutic agents and hypertonic stress (Obeid et al. 1993; Hannun, 1996; Kolesnick & Kronke, 1998; Hannun & Luberto, 2000; Ruvolo, 2001) . Ceramide formation in response to stress stimuli is variable, ranging from seconds or minutes to hours or days (Hannun, 1996; Levade & Jaffrezou, 1999) . Since the effects of ceramide and hypertonic solution occurs within minutes, hypertonic solution most likely increases ceramide production through activation of sphingomyelinase (SMase), rather than through the de novo synthesis of ceramide, which would be slow (Kolesnick & Kronke, 1998) . This rapid response also indicates that ceramide formation and subsequent inhibition of hBest1 currents is the early response to hypertonic stress (Hannun, 1996; Kolesnick & Kronke, 1998) . Cells usually undergo a process of regulatory volume increase (RVI) to resume their original cell volumes after being placed in hypertonic solution (Lang et al. 1998) . Thus, hBest1 may play a key role in RVI in retinal pigment epithelial cells through decrease in Cl − efflux by ceramide. Ceramide, a very hydrophobic molecule, tends to remain within the cell membrane, and thus may function at the subcellular site of production (Kolesnick & Kronke, 1998) . Hypertonic stress is likely to activate a plasma membrane-bound SMase to inhibit hBest1 currents. Two major SMases determine the production of ceramide: the lysosomal acid SMase and the plasma membrane-bound neutral SMase (Liu et al. 1997; Kolesnick & Kronke, 1998) . Hypertonic solution is likely to activate the neutral SMase since it is located in the plasma membrane and has a pH optimum of 7.4. This is further supported by evidence that manumycin A, a neutral SMase inhibitor which competes with sphingomyelin for binding of neutral SMase (nSMase) (Arenz et al. 2001) , blocks the hypertonic inhibition of hBest1 current. In addition, the nSMase activity increases in rat neurohypophysis following hypertonic stress (Guy et al. 1983) . It is interesting that caveolar nSMase is activated by mechanostimulation in vascular endothelium as a mechanosensor (Czarny et al. 2003; Czarny & Schnitzer, 2004) . It is likely that mechanical force from hypertonic cell shrinkage activates nSMase to release ceramide, which inhibits hBest1 currents through activation of PP2A. However, acid sphingomyelinase has been observed in the plasma membrane (Liu & Anderson, 1995; Grassme et al. 2001 Grassme et al. , 2003 . Hypertonic stress has been reported to increase ceramide production through activation of acid SMase in hepatocytes (Reinehr et al. 2006) and erythrocytes (Lang et al. 2004 ) with different kinetics of ceramide formation and signalling pathway. Thus, different SMase can be activated by the same stimuli (hypertonic stress) to trigger distinct signalling pathways, which may lead to cell-specific responses (Levade & Jaffrezou, 1999) .
Several bestrophins including hBest1, mBest2 and dBest1 are regulated by both Ca 2+ and cell volume (Fischmeister & Hartzell, 2005; Chien & Hartzell, 2007 Hartzell et al. 2008) . Regulation of bestrophins by Ca 2+ and cell volume can be independent of one another (Chien & Hartzell, 2007) , but the two pathways also can interact with each other in that Ca 2+ potentiates the dBest1 current amplitude activated by increases in cell volume (Chien & Hartzell, 2007; Chien et al. 2006) , and increases in cell volume often result in increases in intracellular Ca 2+ (McCarty & O'Neil, 1992) . Studies of hBest1 activation by hyposmolarity are thwarted by findings that endogenous volume regulated anion channels (VRACs) are ubiquitously expressed in cell lines such as HEK (Fischmeister & Hartzell, 2005) . However, hBest1 could be activated by hyposmotic swelling through Ca 2+ , since hBest1 currents are activated by intracellular Ca 2+ with EC 50 of 140 nM Xiao et al. 2008) , which can be reached following hyposmotic treatment.
